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TITLE OF THE INVENTION 

DIFFRACTION GRATING ELEMENT, PRODUCTION METHOD OF 
DIFFRACTION GRATING ELEMENT, AND METHOD OF DESIGNING 
DIFFRACTION GRATING ELEMENT 
Related Applications 

This application claims priority to Provisional 
Application Serial No. 60/447710 filed on February 19, 2003, 
which is hereby incorporated by reference in its entirety. 
BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present invention relates to a transmission 

diffraction grating element, a production method of 
diffraction grating element and a method of designing 
diffraction grating element. 
Related Background of the Invention 

[0002] Generally, a diffraction grating element is, in 

a transparent flat plate having a first plane and a second 
plane parallel to each other, formed with a diffraction 
grating on the first plane (see Kashiko Kodate, "Development 
of diffractive optics and future challenges"; Japan Women's 
University Journal, Faculty of Science, 10th Edition, pages 
7 to 24 (2002), for example). In the diffraction grating 
element, for example, when light enters the first plane from 
a medium, which is in contact with the first plane, at a 
constant incident angle, the light is diffracted by the 
diffraction grating formed on the first plane, transmitted 
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within the transparent flat plate, and then emitted to a 
medium, which is in contact with the second plane. The 
diffraction angle of the light, which is emitted from the 
second plane of the transparent flat plate, varies according 
5 to the wavelength. 

[0003] Thus, the diffraction grating element may be 

used as an optical demultiplexer in which incident light is 
demultiplexed and then emitted. Also, when the light is 
guided in the direction opposite to the above case, the 

10 diffraction grating element may be used as an optical 

multiplexer in which incident light is multiplexed and then 
emitted. Further, by combining the diffraction grating 
element with another optical elements, a dispersion 
regulator, which regulates the group delay time of the light 

15 in accordance with the wavelength, may be constituted, for 

example. Accordingly, the diffraction grating element is 
one of the important optical elements in the wavelength 
division multiplexing (WDM) optical communication system, in 
which multiple wavelength signal light is multiplexed and 

20 then transmitted. 

[0004] In the diffraction grating element, high 

diffraction efficiency is required. Some structural 

artifices for improving the diffraction efficiency have been 
proposed; and it is reported that about 95% diffraction 

25 efficiency has been achieved (see US Patent Application 

Publication No. 2002/013587 6; Specification; and, Hendrick J. 
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Gerritsen, et al . , "Rectangular surface-relief transmission 
gratings with a very large first-order diffraction 
efficiency (-95%) for unpolarized light", Applied Optics, 
Vol.37, No. 25, pp. 5823-5829 (1998), for example). 
5 SUMMARY OF THE INVENTION 

[0005] However, the incident angle of the incident 

light, which enters the diffraction grating element, or the 
diffraction angle of the diffracted light, which is 
diffracted and then emitted from the diffraction grating 

10 element is not 0° (perpendicular to the first plane or 

second plane of the transparent flat plate provided with 
diffraction grating) . Accordingly, the polarization 

dependence due to the reflection is generated. In addition, 
the diffraction grating has such structure that the index of 

15 refraction changes periodically to one direction. 

Accordingly, particularly, in the case where the grating 
period is short (for example, 2A or less) , when the angle 
between the periodic direction and the polarization 
direction changes, the diffraction efficiency changes. As 

20 described above, generally, the diffraction efficiency of 

the diffraction grating element has the polarization 
dependence; and the diffraction efficiency of TE polarized 
light and TM polarized light is different from each other. 
Particularly, when the angular dispersion of the diffraction 

25 angle is large (wavelength resolution in 

multiplexing/demultiplexing is high) , the period becomes 
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shorter. Accordingly, the polarization dependence becomes 
remarkable . 

[0006] It is possible to reduce the difference in the 

diffraction efficiency between the TE polarized light and 
5 the TM polarized light, by appropriately designing the 

sectional configuration (height, width or like of the 
grating) of the diffraction grating so that the polarization 
dependence due to the reflection and the polarization 
dependence due to the structure are canceled. However, even 
10 when so designed as described above, it is impossible to 

improve the diffraction efficiency and reduce the 
polarization dependence of the diffraction efficiency in a 
wide wavelength band. 

[0007] The present invention has been accomplished to 

15 solve the above-described problems. An object of the 

present invention is to provide a diffraction grating 
element capable of improving the diffraction efficiency and 
reducing the diffraction efficiency in a wide wavelength 
band by canceling the polarization dependence due to the 
20 reflection and the polarization dependence due to the 

structure respectively. Also, another object of the present 
invention is to provide a method of fabricating such 
diffraction grating element. 

[0008] A diffraction grating element in accordance with 

25 a first invention comprises, (1) given a first plane and a 

second plane parallel with each other, a first medium (index 
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of refraction ni) provided at the outer side than the first 
plane being in contact with the first plane, (2) a second 
medium (index of refraction n 2 ) and a third medium (index of 
refraction n 3 , n 3 <n 2 ) disposed alternately in a predetermined 
5 direction parallel with the first plane between the first 

plane and the second plane being in contact with the first 
plane and the second plane to constitute a diffraction 
grating, and (3) a fourth medium (index of refraction n 4 ) 
provided at the outer side than the second plane being in 

10 contact with the second plane. And Each of indexes of 

refraction ni-n 4 of the first medium, the second medium, the 
third medium and the fourth medium satisfies a relational 
expression of ,, n 3 <ni<n 2 , n 3 <;n 4 =sn 2 ", or "n 3 <;ni<;n 2 , n 3 <n 4 <n 2 " . 
Further, the diffraction grating element is characterized in 

15 that both of the second medium and the third medium are 

solid; or, the first medium or the fourth medium is made of 
an isotropic material. 

[0009] In the diffraction grating element in accordance 

with the first invention, between the first medium and the 

2 0 fourth medium, the second medium and the third medium are 

disposed alternately to constitute the diffraction grating. 
The light, which enters the diffraction grating from the 
first medium, is diffracted at the diffraction .grating 
portion and output to the fourth medium. Or, the light, 

25 which enters the diffraction grating from the fourth medium, 

is diffracted at the diffraction grating portion and output 
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to the first medium. In the diffraction grating element, 
the index of refraction of each medium satisfies the above 
relational expressions. Accordingly, it is possible to 
improve the diffraction efficiency and to reduce the 
5 polarization dependence of the diffraction efficiency in a 

wide wavelength band. 

[0010] In the diffraction grating element in accordance 

with the first invention, given that an average index of 
refraction between the first plane and the second plane is 

10 n av , it is preferred that the index of refraction n x of the 

first medium satisfies a relational expression of "n av - 
0 . 2«sni<;nav+0 . 2"; and further, it is preferred that the index 
of refraction n 4 of the fourth medium satisfies a relational 
expression of ^n av -0 . 22sn 4 ssn av +0 . 2" . Further, it is preferred 

15 that the thickness of the first medium with respect to a 

direction perpendicular to the first plane is 5|am or more; 
and further, it is preferred that the thickness of the 
fourth medium with respect to a direction perpendicular to 
the first plane is 5pm or more. These cases are further 

20 preferred for improving the diffraction efficiency and for 

reducing the polarization dependence of the diffraction 
efficiency in a wide wavelength band. , 
[0011] A diffraction grating element in accordance with 

a second invention comprises, (1) given first-fourth planes 

25 disposed parallel with each other in order, a first medium 

(index of refraction n x ) provided at the outer side than the 
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first plane being in contact with the first plane, (2) a 
second medium (index of refraction n 2 ) and a. third medium 
(index of refraction n 3 , n 3 <n 2 ) disposed alternately in a 
predetermined direction parallel with the first plane 
5 between the second plane and the third plane being in 

contact with the second plane and the third plane to 
constitute a diffraction grating, (3) a fourth medium (index 
of refraction n 4 ) provided at the outer side than the fourth 
plane being in contact with the fourth plane, (4) a fifth 

10 medium (average index of refraction n 5 ) provided between the 

first plane and the second plane being in contact with the 
first plane and the second plane, and (5) a sixth medium 
(average index of refraction n 6 ) provided between the third 
plane and the fourth plane being in contact with the third 

15 plane and the fourth plane. And, given that an average 

index of refraction between the second plane and the third 
plane is n av , the average index of refraction n 5 of the fifth 
medium satisfies a relational expression of "ni<n5<n av " or 
"n a v<n5<ni", and the average index of refraction n 6 of the 

20 sixth medium satisfies a relational expression of x 'n 4 <n 6 <n av " 

or x 'n av <n 6 <n 4 ". 

[0012] In the diffraction grating element in accordance 

with the second invention, between the fifth medium and the 
sixth medium, the second medium and the third medium are 
25 disposed alternately to constitute the diffraction grating. 

The light, which enters the diffraction grating from the 
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first medium, passes through the fifth medium, and is 
diffracted at the diffraction grating portion, and output to 
the fourth medium through the sixth medium. Or, the light, 
which enters the diffraction grating from the fourth medium, 
5 passes through the sixth medium, and is diffracted at the 

diffraction grating portion, and output to the first medium 
through the fifth medium. In the diffraction grating 
element, the index of refraction of each medium satisfies 
the above relational expressions. Accordingly, it is 
10 possible to improve the diffraction efficiency and to reduce 

the polarization dependence of the diffraction efficiency in 
a wide wavelength band. 

[0013] In the diffraction grating element in accordance 

with the second invention, it is preferred that the index of 

15 refraction n 5 of the fifth medium satisfies a relational 

expression of " (nin av ) 1/2 -0 . 2<n 5 < (nin av ) 1/2 +0 . 2" ; and further, 
it is preferred that- the index of refraction n 6 of the sixth 
medium satisfies a relational expression of x Mn 4 n av ) 1/2 - 
0.2<n 6 < (n 4 n av ) 1/2 +0 . 2" . Further, it is preferred that, given 

20 that the period of the diffraction grating is A; the 

thickness of the fifth medium with respect to a direction 
perpendicular to the first plane is h 5 ; and given that the 
light with wavelength A enters the diffraction grating, the 
wavelength A of the light which satisfies a relational 

2 5 expression of "AA/4 (4n 5 2 A 2 -A 2 ) 1/2 <h 5 <3AA/4 ( 4n 5 2 A 2 -A 2 ) 1/2 " is 

present in a waveband of 1 . 2 6ym-l . 675ym. And further, it is 
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preferred that, given that the period of the diffraction 
grating is A; the thickness of the sixth medium with respect 
to a direction perpendicular to the first plane is h 6 ; and 
given that the light with wavelength A enters the 
5 diffraction grating, the wavelength A of the light which 

satisfies a relational expression of "AA/4 ( 4n 6 2 A 2 - 
A 2 ) 1/2 <h 6 <3AA/4 (4n 6 2 A 2 -A 2 ) 1/2 " is present in a waveband of 
1 .26]jm-l . 67 5ym. These cases are further preferred for 
improving the diffraction efficiency and for reducing the 
10 polarization dependence of the diffraction efficiency in a 

wide wavelength band. 

[0014] Further, it is preferred that the fifth medium 

is made of a plurality of media disposed alternately in a 
predetermined direction* And further, it is preferred that 
15 the sixth medium is made of a plurality of media disposed 

alternately in a predetermined direction. In this case, it 
is possible to improve the diffraction characteristics as 
well as it is preferred for producing the diffraction 
grating element . 

20 [0015] A diffraction grating element in accordance with 

a third invention comprises, (1) given first-third planes 
disposed parallel with each other in order, a first medium 
(index of refraction n x ) provided at the outer side than the 
first plane being in contact with the first plane, (2) a 

25 second medium (index of refraction n 2 ) and a third medium 

(index of refraction n 3 , n 3 <n 2 ) disposed alternately in a 
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predetermined direction parallel with the first plane 
between the second plane and the third plane being in 
contact with the second plane and the third plane to 
constitute a diffraction grating, (3) a fourth medium (index 
5 of refraction n 4 ) provided at the outer side than the third 

plane being in contact with the third plane, and (5) a fifth 
medium (average index of refraction n 5 ) provided between the 
first plane and the second plane being in contact with the 
first plane and the second plane. And, given that the 
10 average index of refraction between the first plane and the 

second plane is n av , the average index of refraction n 5 of the 
fifth medium satisfies a relational expression of "ni<n5<n av " 
or w n av <n5<ni". 

[0016] In the diffraction grating element in accordance 

15 with the third invention, between the fourth medium and the 

fifth medium, the second medium and the third medium are 
disposed alternately to constitute the diffraction grating. 
The light, which enters the diffraction grating from the 
first medium, passes through the fifth medium, and is 
20 diffracted at the diffraction grating portion, and output to 

the fourth medium. Or, the light, which enters the 
diffraction grating from the fourth medium, is diffracted at 
the diffraction grating portion and output to the first 
medium through the fifth medium. In the diffraction grating 
25 element, the index of refraction of each medium satisfies 

the above relational expression. Accordingly, it is 
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possible to increase the diffraction efficiency and to 
improve the polarization dependence of the diffraction 
efficiency in a wide wavelength band. 

[0017] In the diffraction grating element in accordance 

5 with the third invention, it is preferred that the index of 

refraction n 5 of the fifth medium satisfies a relational 
expression of " (nin av ) 1/2 -0 . 2<n 5 < (nin av ) 1/2 +0 . 2" . Further, 
given that the period of the diffraction grating is A; the 
thickness of the fifth medium with respect to a direction 

10 perpendicular to the first plane is h 5 ; and given that the 

light with wavelength A enters the diffraction grating, the 
wavelength K of the light which satisfies a relational 
expression of "AA/4 ( 4n 5 2 A 2 -A 2 ) 1/2 <h 5 <3AA/4 (4n 5 2 A 2 -A 2 ) 1/2 " is 
present in a waveband of 1 . 26pm- 1 . 675}im. It is preferred 

15 that each index of refraction n 2 -n 4 of the second medium, the 

third medium and the fourth medium satisfies a relational 
expression of x> n 3 <n 4 <n 2 ". It is preferred that the index of 
refraction n 4 of the fourth medium satisfies a relational 
expression of M n av -0 . 2<sn 4 2sn av +0 . 2" . Further, it is preferred 

20 that the thickness of the fourth medium with respect to a 

direction perpendicular to the first plane is 5jjm or more. 
These cases are further preferred for improving the 
diffraction efficiency and for reducing the polarization 
dependence of the diffraction efficiency in a wide 

2 5 wavelength band. 

[0018] It is preferred that the fifth medium is made of 
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a plurality of media disposed alternately in a predetermined 
direction. In this case, it is possible to improve the 
diffraction characteristics as well as it is preferred for 
producing the diffraction grating element. 
5 [0019] A diffraction grating element in accordance with 

a fourth invention comprises a base plate, a first 
reflection-inhibiting portion provided on the base plate, a 
diffraction grating portion provided on the first 
reflection-inhibiting portion, and a second reflection- 

10 inhibiting portion provided on the diffraction grating 

portion, wherein the second reflection-inhibiting portion is 
in contact with a first medium, in the diffraction grating 
portion, a second medium and a third medium are disposed 
alternately in a predetermined direction parallel with the 

15 base plate to constitute a diffraction grating, and in a 

waveband of 1 . 2 6ym-l . 67 5]jm, a wavelength of which 
reflectance is 10% or less .is present. According to this 
diffraction grating element, it is possible to increase the 
diffraction efficiency and to reduce the polarization 

20 dependence of the diffraction efficiency in a wide 

wavelength band. 

[0020] In the diffraction grating element in accordance 

with a fourth invention, a diffraction capacity of the 
diffraction grating portion is larger than 50% of the entire 
25 diffraction capacity including the diffraction grating 

portion, the first reflection-inhibiting portion and the 
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second reflection-inhibiting portion. It is preferred that 
the modulation of the index of refraction of the diffraction 
grating portion is larger than the modulation of the index 
of refraction of the first reflection-inhibiting portion and 
5 the second reflection-inhibiting portion. Also, it is 

preferred that the maximum refraction of the diffraction 
grating portion is larger than the index of refraction of 
the base plate and the first medium. Further, it is 
preferred that the period of the diffraction grating is 

10 1.675pm or less. 

[0021] In the diffraction grating element in accordance 

with the first-fourth inventions, it is preferred that a 
wavelength of the light, in which the diffraction efficiency 
of the TE polarized light and the TM polarized light is 90% 

15 or more, respectively, is present. Also, it is preferred 

that a wavelength of the light, in which the difference of 
the diffraction efficiency between the TE polarized light 
and the TM polarized light is 5% or less, is present. In 
these cases, in an optical communication system that 

20 multiplexes and transmits signal light with multiple 

wavelengths, this diffraction grating element can be 
appropriately used. 

[0022] In the diffraction grating element in accordance 

with the first-fourth inventions, it is preferred that the 
25 difference between the index of refraction n 2 of the second 

medium and the index of refraction n 3 of the third medium is 
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0.7 or more. It is preferred that the second medium is made 
of any one of Ti0 2 , Ta 2 0 5 and Nb 2 0 5 ; and the third medium is 
constituted of a gas. In these cases, since the height of 
the diffraction grating portion can be reduced, the 
5 diffraction grating element can be produced easily. 

[0023] In the diffraction grating element in accordance 

with the first-fourth inventions, it is preferred that the 
second medium or the third medium are made of a 
predetermined material of which index of refraction changes 
10 by an irradiation of energy beam; and it is preferred that 

the predetermined material is a diamond-like carbon. In 
these cases, the diffraction grating element with desired 
characteristics can be produced easily. 

[0024] It is preferred that, in the diffraction grating 

15 element in accordance with the first invention, the first 

medium or the fourth medium is made of a predetermined 
material of which etching rate is slower than that of the 
second medium or the third medium. It is preferred that, in 
the diffraction grating element in accordance with the 
20 second invention, the fifth medium or the sixth medium is 

made of a predetermined material of which etching rate is 
slower than that of the second medium or the third medium. 
In the second invention, when the fifth medium or sixth 
medium is subjected to the etching, it is preferred that the 
25 first medium or the fourth medium is made of a predetermined 

material of which etching rate is slow; Further, it is 
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preferred that, in the diffraction grating element in 
accordance with the third invention, the fourth medium or 
the fifth medium is made of a predetermined material of 
which etching rate is slower than that of the second medium 
5 or the third medium. In the third invention, when the fifth 

medium is subjected to the etching, it is preferred that the 
first medium is made of a predetermined material of which 
etching rate is slow. As described above, it is preferred 
that, for a non-etching layer, which is in contact with an 

10 etching layer, a material of which etching rate is slow; for 

example; it is preferred that the ratio of the etching rate 
is twice or more is used. Here, it is preferred that the 
above-described predetermined materials are any of A1 2 0 3 , 
MgO, Nd 2 0 3 and a fluorinated compound; and it is preferred 

15 that the second medium or the third medium is any of Ti0 2 , 

Nb 2 0 5 , Ta 2 0 5 , SiN, Si0 2 , SiO, Zr0 2 and Sb 2 0 3 . These cases are 
preferable for producing .the diffraction grating element by 
etching . 

[0025] A production method of a diffraction grating 

2 0 element in accordance with the present invention is a 

production method of the diffraction grating element in 
accordance with the above-described first-fourth inventions. 
The method comprises the steps of: forming a layer 
constituted of a predetermined material of which index of 
25 refraction changes by an irradiation of an energy beam; and 

irradiating an energy beam onto the layer with a spatial 
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strength modulation pattern to form a diffraction grating, 
in which the second medium and the third medium with an 
index of refraction different from each other, are disposed 
alternately in the layer. Or, the method comprises the 
5 steps of: forming a layer formed of a predetermined 

' material; and performing an etching on the layer with a 
predetermined spatial pattern to form a diffraction grating, 
in which the second medium and the third medium with an 
index of refraction different from each other, are disposed 

10 alternately in the layer . 

[0026] A designing method of the diffraction grating 

element of the present invention is a designing method of a 
diffraction grating element having a diffraction grating 
portion of which index of refraction changes periodically in 

15 a predetermined direction and a ref lection-inhibiting 

portion on at least one of the top and the bottom of the 
diffraction grating portion, comprising the steps of. 
determining so that each of the diffraction grating portion 
and the reflection-inhibiting portion is formed with a film 

20 having an average index of refraction by the media included 

therein respectively, setting the phase change of light at 
the diffraction grating portion to 90°, and deriving 
refraction distribution of the diffraction grating element 
so that the reflectance is 10% or less at a desired 

25 wavelength. According to the designing method of the 

diffraction grating element, result of analysis can be 
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obtained close to the characteristics of an actually 
produced diffraction grating element. Accordingly, the 
diffraction grating element can be designed easily. 
BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is an explanatory diagram of a diffraction 
grating element 10 in accordance with a first embodiment. 

Fig. 2 is a graph showing the diffraction 
characteristics of the diffraction grating element 10 in 
accordance with an example 1. 

Fig. 3 is a graph showing the diffraction 
characteristics of a diffraction grating element in 
accordance with a comparative example 1. 

Fig. 4 is a graph showing a relationship between the 
diffraction efficiency of the diffraction grating element 10 
in accordance with example 1 and the index of refraction n 4 
of a fourth medium 14. 

Fig. 5 is an explanatory diagram of a diffraction 
grating element 10A in accordance with a modified example 1. 

Fig. 6 is an explanatory diagram of a diffraction 
grating element 10B in accordance with a modified example 2. 

Fig. 7 is an explanatory diagram of a diffraction 
grating element 20 in accordance with a second embodiment. 

Fig. 8 is a graph showing the diffraction 
characteristics of the diffraction grating element 20 in 
accordance with an example 2. 

Fig. 9 is an explanatory diagram of a diffraction 
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grating element 20A in accordance with a modified example. 

Fig. 10 is an explanatory diagram of a diffraction 
grating element 20B in accordance with an example 3. 

Fig. 11 is a graph showing the diffraction 
5 characteristics of the diffraction grating element 20B in 

accordance with an example 3. 

Fig. 12 is an explanatory diagram of a diffraction 
grating element 30 in accordance with a third embodiment. 

Fig. 13 is an explanatory diagram of a diffraction 
10 grating element 30A in accordance with an example 4. 

Fig. 14 is a graph showing the diffraction 
characteristics of the diffraction grating element 30A in 
accordance with an example 4. 

Fig. 15 is an explanatory diagram of a diffraction 
15 grating element 40 in accordance with a fourth embodiment. 

Fig. 16 is a graph showing the characteristics of the 
zero-order reflection diffraction efficiency of the 
diffraction grating element in accordance with the fourth 
embodiment and the zero-order reflection diffraction 
20 efficiency of the equivalent model. 

Fig. 17 is an explanatory diagram of a diffraction 
grating element 4 OA in accordance with an example 5. 

Fig. 18 is an explanatory diagram of a diffraction 
grating element 40B in accordance with an example 6. 
25 Fig. 19 is a graph showing the diffraction efficiency 

of the diffraction grating element in accordance with the 
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fourth embodiment. 

Fig. 20 is a graph showing the aspect ratio of grooves 
of the diffraction grating portion in the diffraction 
grating element in accordance with the fourth embodiment. 
5 Fig. 21 is a graph showing the tolerance of groove 

depth in the diffraction grating element in accordance with 
the fourth embodiment. 

Fig. 22 is an explanatory diagram of a diffraction 
grating element 30B in accordance with a mode of 
10 modification. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0027] Referring to the accompanying drawings, 

embodiments of the present intention will be described in 
detail. The same reference symbols have been assigned to 
15 the same elements or parts in the description of the 

drawings, and repetitive description is omitted. 

[0028] (First embodiment) 

[0029] First of all, a first embodiment of a 

diffraction grating element in accordance with the present 

20 invention will be described. Fig. 1 is an explanatory 

diagram of a diffraction grating element 10 in accordance 
with the first embodiment. The diagram shows a section of 
the diffraction grating element 10 when the same is cut off 
at a plane perpendicular to the grating. The diffraction 

25 grating element 10 shown in the diagram comprises a first 

medium 11, a second medium 12, a third medium 13 and a 



19 



FP03-0047-01 

fourth medium 14. 

[0030] In this diffraction grating element 10, a first 

plane Pi and a second plane P 2 , which are parallel to each 
other, are assumed. Here, the first medium 11 is provided 
5 at the outer side than the first plane Pi (upper side in the 

diagram) being in contact with the first plane Pi. Between 
the first plane Pi and the second plane P 2/ the second medium 
12 and the third medium 13 are disposed alternately in a 
predetermined direction parallel to the first plane Pi being 

10 in contact with the first plane Pi and the second plane P 2 so 

as to constitute a diffraction grating. Also, the fourth 
medium 14 is provided at the outer side than the second 
plane P 2 (lower side in the diagram) being in contact with 
the second plane P 2 . Both of the second medium 12 and the 

15 third medium 13 are solid respectively;, or, the first medium 

11 or the fourth medium 14 is made of an isotropic material. 
[-0031] In the diffraction grating element 10, between 

the first medium 11 and the fourth medium 14, the second 
medium 12 and the third medium 13 are provided alternately 

20 to form a diffraction grating. The light Li (incident angle 

0) , which enters the diffraction grating from the first 
medium 11, is diffracted at the diffraction grating portion 
and emitted to the fourth medium 14 (in Fig. 1, zero-order 
light Ld 0 and first-order diffracted light Ld x are shown) . 

25 Or, the light, which enters the diffraction grating from the 

fourth medium 14, is diffracted at the diffraction grating 
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portion, and emitted to the first medium 11. 

[0032] Each region in the second medium 12 and the 

third medium 13 has a region of which section is rectangular, 
In the diffraction grating portion constituted of the 
5 diffraction grating, which is formed of the second medium 12 

and the third medium 13 being disposed in a predetermined 
direction alternately, given that the period of the 
diffraction grating is A; and the ratio that the second 
medium 12 occupies in the period A (duty ratio) is f. Given 

10 that the distance between the first plane Pi and the second 

plane P 2 (i.e., height of the grating) is H. Given that the 
index of refraction of the first medium 11 is rii; the index 
of refraction of the second medium 12 is n 2 ; the index of 
refraction of the third medium 13 is n 3 (n 3 <n 2 ) ; and the index 

15 of refraction of the fourth medium 14 is n 4 . 

[0033] Here, the average index of refraction n av of the 

diffraction grating portion between the first plane Pi and 
the second plane P 2 is expressed by the following expression: 



n m =4fn 2 2 +{\-fW — 0) 



20 Also, the average index of refraction n av is between the 

index of refraction n 2 of the second medium 12 and the index 
of refraction n 3 of the third medium 13, and satisfies the 
following relational expression: 

n 3 <n (n , <n 2 •••(2) 



21 



FP03-0047-01 



[0034] In the case where the period A of the 

diffraction grating is equal to the order or less (for 
example, 2A or less) of the wavelength A of the incident 
light, when considering the reflection of the light at the 
5 first plane Pi and the second plane P 2 respectively, the 

portion between the first plane Pi and the second plane P 2 
may be replaced with a medium having a uniform index of 
refraction n av . Here, when the index of refraction n x of the 
first medium 11 or the index of refraction n 4 of the fourth 
10 medium 14 is closer to the average index of refraction n av 

of the diffraction grating portion, the more reflection at 
the first plane Pi or the second plane P 2 is reduced and the 
diffraction characteristics are improved. 

[0035] Accordingly, in this embodiment, the indexes of 

15 refraction ni-n 4 of each medium satisfy the following 

relational expression : 

rc 3 <n x <n 29 n 3 <n A <n 2 •■• (3a) , or 

n 3 < n x < n 2 , « 3 < n A < n 2 ■ ■ ■ (3b) . 

Further, the indexes of refraction ni-n 4 of each medium 
20 preferably satisfy the following relational expression: 

«„,-0.2< Wl <n av + 0.2 ■■•(4a) , or 

n ilv -0.2<n A <n av +0.2 (4b) . 

[0036] In accordance with the above expression (3) or 

expression (4), the indexes of refraction ni-n 4 of each 
25 medium are determined; and then, the diffraction 

characteristics of the diffraction grating element 10 is 
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analyzed by means of the rigorous coupled-wave analysis 
(RCWA) . The duty ratio f , the grating period A and the 
height of the grating H are optimized by means of an 
optimizing technique (for example, nonlinear programming, 
5 simulated annealing, genetic algorithm or the like) . 

Thereby, the diffraction grating element 10 with 
satisfactory diffraction characteristics is designed. 

[0037] Next, examples of the diffraction grating 

v 

element 10 in accordance with the first embodiment ' will be 
10 described along with a comparative example. In the 

diffraction grating element 10 of an example 1, the first 
medium 11 and the fourth medium 14 are constituted of a 
silica glass respectively (ni=n 4 =l . 45) ; the index of 
refraction n 2 of the second medium 12 is 1.75; the third 
15 medium 13 is constituted of air (n 3 =l); the duty ratio f is 

0.70; the grating period A is l.Olym; and the height of the 
grating H is 2.26ym. In the diffraction grating element of 
a comparative example 1, the first medium and the third 
medium are constituted of air respectively (ni=n 3 =l); the 
20 second medium and the fourth medium are constituted of 

silica glass respectively (n 2 =n 4 =l . 45) ; the duty ratio f is 
0.84; the grating period A is l.Oljjm; and the height of the 
grating H is 6.02jim. 

[0038] Fig. 2 is a graph showing the diffraction 

25 characteristics of the diffraction grating element 10 of an 

example 1. Fig. 3 is a graph showing the diffraction 
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characteristics of the diffraction grating element of a 
comparative example 1. In these diagrams, the wavelength 
dependence of the diffraction efficiency when the incident 
angle 0 of the light is the Bragg incident angle at the 
5 wavelength of 1.55iam is shown with respect to TE polarized 

light and TM polarized light respectively. The wording 
"Bragg incident angle" means the incident angle in which the 
respective angles of the zero-order light and the first- 
order light are equal to each other. In these example 1 and 

10 comparative example 1, the parameter was designed so that, 

at waveband of 1 . 52yLm-l . 57iam, the polarization dependence 
and the wavelength dependence of the diffraction efficiency 
become as small as possible; and the diffraction efficiency 
becomes as large as possible. 

15 [0039] As demonstrated in these diagrams being compared 

with each other, compared with the case of comparative 
example 1 (Fig. 3) , in the case of example 1 (Fig. 2) , in a 
wide wavelength band, the diffraction efficiency of the TE 
polarized light and the TM polarized light are high as 95% 

20 or more; and the difference of the diffraction efficiency 

between the TE polarized light and the TM polarized light 
was 2% or less. Thus, the diffraction grating element 10 in 
accordance with this embodiment can improve the diffraction 
efficiency and reduce the polarization dependence of the 

25 diffraction efficiency in a wide wavelength band. 

[0040] Fig. 4 is a graph showing a relationship between 
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the diffraction efficiency of the diffraction grating 
element 10 and the index of refraction n 4 of the fourth 
medium 14 of the example 1. Here, the wavelength A was 
fixed to 1.55ym. As demonstrated in the diagram, when the 
5 index of refraction n 4 of the fourth medium 14 satisfies the 

relational expression of the above expression (4b), the 
diffraction efficiency is large, and the polarization 
dependence is small. 

[0041] Next, several production methods of the 

10 diffraction grating element 10 in accordance with the first 

embodiment will be described. 

[0042] In the first production method, a layer of the 

second medium 12 is formed on the fourth medium 14; on that 
layer, grooves with a predetermined spatial pattern are 

15 formed by etching; and the first medium 11 is laminated 

thereon. In this case, groove regions, which are formed by 
the etching, are. the third medium 13 constituted of air. Or, 
in the groove regions, which are formed by the etching, 
another material, which will serve as the third region 13, 

20 is embedded by means of CVD (Chemical Vapor Deposition) or 

the like; and then, the height of the second region 12 and 
the third region 13 is aligned with each other by means of 
polishing or the like, and the first medium 11 may be formed 
thereon. Here, in the case where both of the second region 

25 12 and the third region 13 are solid, it is possible to 

prevent a shape of the grooves from being deformed due to 
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the pressure when being laminated to the first medium 11. 
And further, when the first medium 11 is formed by means of 
the CVD or the like, it is preferably possible to prevent 
the first medium 11 from entering the grooves. On the 
5 surface of the fourth medium 14, a layer of, not the second 

medium 12 but the third medium 13, may be formed. 
[0043] When the layer, which is constituted of the 

second medium 12 or third medium 13, is subjected to the 
etching, it is preferred that the fourth medium 14 is 

10 constituted of a predetermined material, of which etching 

rate is slower than that of the second medium 12 or third 
medium 13. In such case, it is possible to terminate the 
etching at the upper surface of the fourth medium 14 (second 
plane P 2 ) . From the above viewpoint, it is preferred that, 

15 for example, the fourth medium 14 is constituted of any one 

of A1 2 0 3 , MgO, Nd 2 0 3 and fluorinated compound (A1F 3 , MgF 2 , 
CaF 2 , NdF.3 or the like) . Also, it is preferred that the 
second medium 12 or the third medium 13 is constituted of 
any one of Ti 2 , Nb 2 0 5 , Ta 2 0 5 , SiN, Si0 2 , SiO, Zr0 2 and Sb 2 0 3 . 

20 [0044] In place of the above etching, the second medium 

12 and the third medium 13 may be formed alternately by 
means of lift-off or the like. 

[0045] In any case of the etching and the lift-off, the 

lower height of the grating H allows the easier forming of 
25 the grooves. In the first embodiment, the index of 

refraction ni~n 4 of each medium can be arranged separately. 
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Accordingly, the difference (n 2 -n 3 ) between the index of 
refraction n 2 of the second medium 12 and the index of 
refraction n 3 of the third medium 13 can be made large; thus 
the height of the grating H can be made lower. From the 
5 above viewpoint, when the difference (n 2 -n 3 ) between the 

index of refraction n 2 of the second medium 12 and the index 
of refraction n 3 of the third medium 13 is 0.7 or more, the 
height of the grating H can be 3|im or less; thus the 
fabricating thereof is preferably made easier. Therefore, 

10 to achieve the above, the second medium 12 is preferably 

formed of any one of Ti0 2 , Ta 2 0 5 and Nb 2 0 5 , and the third 
medium 13 is preferably constituted of a gas. When both of 
the second medium and the third medium are solid, as the 
third medium, a material with low index of refraction such 

15 as MgF 2 (index of refraction 1.35) is used; and as the 

second medium, a material with high index of refraction such 
as a semiconductor, for example, Si (index of refraction . 
3.5) is further preferably used. 

[0046] In the second production method, on the surface 

20 of the fourth medium 14, a layer constituted of a 

predetermined material, of which index of refraction can be 
changed by an irradiation of an energy beam (for example, X- 
ray, corpuscular beam or the like), is formed. Onto the 
layer, the energy beam is irradiated with a predetermined 
25 spatial strength-modulating pattern. In that layer, a 

diffraction grating formed of the second medium 12 and the 
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third medium 13 disposed alternately, which have the index 
of refraction different from each other, is formed; and the 
first medium 11 is formed thereon. Or, on a layer of a 
predetermined material, the first medium 11 is formed, and 
5 then, the energy beam is irradiated onto the layer using a 

predetermined spatial strength modulating pattern to 
preferably form the diffraction grating, in which the second 
medium 12 and the third medium 13, which have the index of 
refraction different from each other, are disposed 

10 alternately on the layer. 

[0047] As the predetermined material, of which index of 

refraction can be changed by an irradiation of energy beam, 
a diamond-like carbon (DLC) is preferably used. In this 
case, as the energy beam, which is irradiated to change the 

15 index of refraction of the diamond-like carbon, a 

synchrotron radiation (SR light) or hydrogen ion beam is 
used. The index of refraction of the region of the diamond- 
like carbon, where is irradiated with the energy beam, 
becomes larger. That is, the region, where is not subjected 

20 to the irradiation of the energy beam, serves as the third 

medium 13 (index of refraction n 3 ) , and the region, where 
has been subjected to the irradiation of the energy beam, 
serves as the second medium 12 (index of refraction n 2 ) . 
[0048] Compared to the first production method, the 

25 second production method is preferred in a point that the 

fabricating of the diffraction grating element 10 is simple. 
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Further, in the first production method, it is difficult to 
form the configuration of the section of the grooves, which 
is formed with the etching, into a perfect rectangle . 
Contrary to this, in the second production method, it is 
preferred in the point that each sectional configuration of 
the regions of the second medium 12 and the third medium 13 
can be formed into a further complete rectangle. 
[0049] Next, modified examples of the diffraction 

grating element 10 in accordance with the first embodiment 
will be described. Fig. 5 is an explanatory diagram of a 
diffraction grating element 10A in accordance with a 
modified example 1. In the diffraction grating element 10A 
in accordance with the modified example 1 shown in the 
diagram, compared with the constitution of the above- 
described diffraction grating element 10, at the outer side 
(upper side in the diagram) of the first medium 11 (index of 
refraction nj , a .reflection reducing film 11a is formed; 
and further, at the outside of the reflection reducing film 
11a, there resides a medium lib (index of refraction n 0 ) ; 
also, at the outside (lower side in the diagram) of the 
fourth medium 14 (index of refraction n 4 ), a reflection 
reducing film 14a is formed; and further, at the outside of 
the reflection reducing film 14a, there resides a medium 14b 
(index of refraction n 5 ) . For example, the outside medium 
lib and medium 14b is constituted of air, or an optical 
glass for controlling the linear expansion coefficient of 
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the entire diffraction grating element 10A for reducing the 
temperature dependence of the optical characteristics. 
[0050] In the diffraction grating element 10A of the 

modified example 1, in order to allow the evanescent wave, 
5 which is generated in the diffraction grating, to be 

satisfactorily attenuated, it is preferred that each 
thickness of the first medium 11 and the fourth medium 14 
(thickness with respect to the direction perpendicular to 
the first plane Pi) is satisfactorily thicker than the 

10 wavelength A. For example, when the wavelength A is 1.55pm, 

each thickness of the first medium 11 and the fourth medium 
14 is preferably 5\im or more. Also, between the first 
medium 11 and the outer medium lib, the reflection reducing 
film 11a is provided; and between the fourth medium 14 and 

15 the outer medium 14b, the reflection reducing film 14a is 

provided. Accordingly, the reflection at the boundary face 
therebetween is - reduced, and thus, the diffraction 
characteristics are prevented from being degraded. 
[0051] Here, when the first medium 11 or the fourth 

20 medium 14 is constituted of an isotropic material, since the 

polarization mode dispersion occurs, or the state of the 
polarization changes, an influence is rendered on the 
optical communication. However, by forming the first medium 
11 and the fourth medium 14 with an isotropic material, 

25 these influences can be reduced. Further, the design for 

reducing the reflection at the reflection reducing film 11a 
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and the reflection reducing film 14a can be made easily. 
[0052] Fig. 6 is an explanatory diagram of a 

diffraction grating element 10B in accordance with a 
modified example 2. In Fig. 6, an example of each locus of 
5 an incident light Li, a reflected light Lr from the boundary 

between the fourth medium 14 and the medium 14b and 
diffraction light Ld is shown. Compared with the 

constitution of the above-described diffraction grating 
element 10, in the diffraction grating element 10B of the 

10 modified example 2 shown in the diagram, the medium lib 

(index of refraction n 0 ) resides at the outside (upper side 
in the diagram) of the first medium 11 (index of refraction 
ni) ; and the medium 14b (index of refraction n 5 ) is resides 
at the outside (lower side in the diagram) of the fourth 

15 medium 14 (index of refraction n 4 ) . For example, the 

outside medium lib and the medium 14b are constituted of air 
or an optical glass for controlling the linear expansion 
coefficient of the entire diffraction grating element 10A to 
reduce the temperature dependence of the optical 

20 characteristics. Particularly, in the diffraction grating 

element 10B of the modified example 2, in order to prevent 
the reflected light, the transmitted light and the 
diffraction light, at the diffraction grating portion, from 
entering the diffraction grating portion again, each of the 

25 first medium 11 and the fourth medium 14 has a satisfactory 

thickness. Owing to this, the diffraction characteristics 
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are prevented from being degraded. 
[0053] (Second embodiment) 

[0054] Next, a second embodiment of a diffraction 

grating element in accordance with the present invention 
5 will be described. Fig. 7 is an explanatory diagram of a 

diffraction grating element 20 in accordance with a second 
embodiment. The diagram shows a section of the diffraction 
grating element 20 when the same is cut off at a plane 
perpendicular to the grating. The diffraction grating 
10 element 20 shown in the diagram comprises a first medium 21, 

a second medium 22, a third medium 23, a fourth medium 24, a 
fifth 'medium 25 and a sixth medium 26. 

[0055] In this diffraction grating element 20, a first 

plane Pi, a second plane P 2 , a third plane P 3 and fourth 

15 plane P 4 , which are parallel to each other and aligned in 

order, are assumed. Here, the first medium 21 is provided 
- at the outer side than the first plane Pi (upper side in the 
diagram) being in contact with the first plane Pi. Between 
the second plane P 2 and the third plane P 3 , the second medium 

20 22 and the third medium 23 are disposed alternately in a 

predetermined direction parallel to the first plane Pi being 
in contact with the second plane P 2 and the third plane P 3 so 
as to form a diffraction grating. The fourth medium 24 is 
provided at the outer side than the fourth plane P 4 (lower 

25 side in the diagram) being in contact with the fourth plane 

P 4 . The fifth medium 25 is provided between the first plane 
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Pi and the second plane P 2 being in contact with the first 
plane Pi and the second plane P 2 . The sixth medium 2 6 is 
provided between the third plane P 3 and the fourth plane P 4 
being in contact with the third plane P 3 and the fourth plane 
5 P 4 . 

[0056] In the diffraction grating element 20, between 

the fifth medium 25 and the sixth medium 26, the second 
medium 22 and the third medium 23 are disposed alternately 
to form a diffraction grating. The light, which enters the 

10 diffraction grating from the first medium 21, passes through 

the fifth medium 25 and is diffracted at the diffraction 
grating portion, and emitted to the fourth medium 24 through 
the sixth medium 26. Or, the light, which enters the 
diffraction grating from the fourth medium 24, passes 

15 through the sixth medium 2 6 and is diffracted at the 

diffraction grating portion, and emitted to the first medium 
21 through the fifth medium. 25. 

[0057] Each region in the second medium 22 and the 

third medium 23 has a rectangular section. In the 

20 diffraction grating portion constituted of the diffraction 

grating, which is formed of the second medium 22 and the 
third medium 23 disposed alternately in a predetermined 
direction, it is assumed that the period of the diffraction 
grating is A; the ratio that the second medium 22 occupies 

25 in the period A (duty ratio) is f. It is assumed that the 

distance between the first plane Pi and the second plane P 2 
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(i.e., thickness of the fifth medium 25) is h 5 . It is 
assumed that the distance between the second plane P 2 and 
the third plane P 3 (i.e., height of the grating) is H. It is 
assumed that the distance between the third plane P 3 and the 
5 fourth plane P 4 (i.e., thickness of the sixth medium 26) is 

h 6 . It is assumed that index of refraction of the first 
medium 21 is n x ; the index of refraction of the second medium 
22 is n 2 ; the index of refraction of the third medium 23 is 
n 3 (n 3 <n 2 )'; the index of refraction of the fourth medium 24 is 

10 n 4 ; the index of refraction of the fifth medium 25 is n 5 ; and 

the index of refraction of the sixth medium 26 is n 6 . 
[0058] Here, the average index of refraction n av of the 

diffraction grating portion between the second plane P 2 and 
the third plane P 3 is expressed by the above expression (1) . 

15 Also, between the index of refraction n 2 of the second 

medium 22 and the index of refraction n 3 of the third medium 
23, the average index of refraction n av satisfies the above 
relational expression (2) . 

[0059] Each of the fifth medium 25 and the sixth medium 

20 26 may be a multi-layered film for reducing the reflection, 

or may be a film of single layer. In the case of the film 
of single layer, the index of refraction n 5 of the fifth 
medium 25 satisfies the following relational expression: 
n^n^n^ or n av <n s <n x ■-■ (5). 

25 The index of refraction n 6 of the sixth medium 26 satisfies 

the following relational expression: 
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n 4 <n 6 <n av or n av <n 6 <n 4 ---(6). 
The diffraction grating element 20 in accordance with this 
embodiment is' arranged as described above; thereby the 
reflection at each boundary face is reduced, and the 
5 diffraction characteristics are prevented from being 

degraded. 

[0060] Further, it is preferred that the index of 

refraction n 5 of the fifth medium 25 satisfies the following 
relational expression : 

V^n^ -0.2<n 5 <jn } n ax . +0.2 ---(7) 

10 

Also, it is preferred that the index of refraction n 6 of the 
sixth medium 26 satisfies the following relational 
expression : 

V^W " 0.2 <n 6 < ^n A n av + 0.2 ---(8) 

15' [0061] Further, to reduce the reflection at the 

boundary face in a wide waveband, it is preferred that each 
of the height h 5 of the fifth medium 25 and the height h 6 of 
the sixth medium 2 6 are equal to or less than the wavelength 
order. For example, 5]im or less is preferred. 

20 [0062] Particularly, given that the angle of the light 

with a wavelength A in the fifth medium 25 is 6 5 , it is 
preferred that the thickness h 5 of the fifth medium 25 
satisfies the following relational expression: 
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1 71 J 71 /n v 

— • <h s <—- •••(9) 

2 4«< cos0r 2 4/7 5 cos^ 



Also, given that the angle of the light with a wavelength A 
in the sixth medium 26 is 0 6 , it is preferred that the 
thickness h 6 of the sixth medium 26 satisfies the following 
5 relational expression: 

-■ <h 6 <-- •■■(10) 

2 4n 6 cos 0 6 2 4n 6 cos 0 6 

[0063] Further, given that the light enters at Bragg 

angle, the above expression (9) is expressed by the 
following expression : 

<h 5 < — , •■•(11) 



10 



4^4n 5 2 A 2 -^ 2 5 4^4n 5 2 A 2 -A 2 



The above expression (10) is expressed by the following 
expression : 

AA 3AA /10N 

<K < — / = ■•• (12) 



4^4n 6 2 A 2 -A 2 6 4^4n 6 2 A 2 -A 2 



The above expression (11) and expression (12) are derived 
15 assuming Bragg incident angle. However, if not Bragg 

incident angle, the above expressions are approximately 
applicable . 

[0064] In accordance with any of the above expressions 
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(5) -(12), the index of refraction ni~n 6 and the thickness h 5/ 
h 6 of each medium are determined. After that, the 
diffraction characteristics of the diffraction grating 
element 20 are analyzed by means of the RCWA. The duty 
5 ratio f, the grating period A and the height H of the 

grating are optimized by means of the optimizing technique; 
thereby the diffraction grating element 20 with satisfactory 
diffraction characteristics is designed. 

[0065] The above description has been made assuming 

10 that each of the fifth medium 25 and the sixth medium 26 is 

constituted of a uniform film of a single layer. However, 
the fifth medium 25 or the sixth medium 2 6 may be 
constituted of a multi-layered film for reducing the 
reflection. In the case of multi-layered film, the 

15 reflection of the TE polarized light and the TM polarized 

light is controlled respectively and the diffraction 
efficiency is improved. Further, by utilizing the 

polarization dependence of the multi-layered film, the 
polarization dependence of the diffraction efficiency can be 
20 reduced. Furthermore, it is expected that the reflection of 

the high order diffraction light and the evanescent wave be 
also reduced. 

[0066] Next, examples of the diffraction grating 

element 20 in accordance with of the second embodiment will 
25 be described. In the diffraction grating element 20 of the 

example 2, the first medium 21 was constituted of air 
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(ni=l); the second medium 22 was a SR-light irradiated 
portion of the DLC (n 2 =2.15); the third medium 23 was a SR- 
light non-irradiated portion of the DLC (n 3 =1.55); the 
fourth medium 24 was constituted of silica glass (n 4 =1.45); 
5 the fifth medium 25 was constituted of silica glass 

(n 5 =1.45); and the sixth medium 26 was constituted of MgO 
(n 6 =1.70). The duty ratio f was 0.74/ the grating period A 
was 1.01pm; the height H of the grating was 3.35pm; the 
thickness h 5 of the fifth medium 25 was 0.30pm; and the 

10 thickness h 6 of the sixth medium 26 was 0.23pm. 

[0067] Fig. 8 is a graph showing the diffraction 

characteristics of the diffraction grating element 20 of the 
example 2. In the diagram, the wavelength dependence of the 
diffraction efficiency when the incident angle 6 of the 

15 light is the Bragg incident angle at a wavelength of 1.55pm 

is shown with respect to the TE polarized light and the TM 
polarized light, respectively. Each parameter was designed 
so that the polarization dependence and the wavelength 
dependence of the diffraction efficiency was as small as 

20 possible, and the diffraction efficiency was as large as 

possible at a waveband of 1 . 52pm- 1 . 57pm. As demonstrated in 
the diagram, in the case of the example 2 also> the 
diffraction efficiency of the TE polarized light and the TM 
polarized light were high as 95% or more, respectively, in a 

25 wide wavelength band. The difference of the diffraction 

efficiency between the TE polarized light and the TM 
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polarized light was 2% or less. As described above, in the 
diffraction grating element 20 in accordance with this 
embodiment, it is possible to improve the diffraction 
efficiency and to reduce the polarization dependence of the 
5 diffraction efficiency in a wide wavelength band. 

[0068] Next, a production method of the diffraction 

grating element 20 in accordance with the second embodiment 
will be described. Same as the case of the first embodiment, 
the diffraction grating element 20 in accordance with the 

10 second embodiment can be fabricated in accordance with the 

first production method, in which etching or lift-off is 
used, and the second production method using a predetermined 
material of which index of refraction can be changed by a 
radiation of an energy beam. In the second embodiment, it 

15 is preferred that the sixth medium 26 is constituted of a 

predetermined material of which etching rate is slower than 
that of the second medium 22 or third medium 23; any one of 
A1 2 0 3 , MgO, Nd 2 0 3 and fluorinated compound (A1F 3 , MgF 2 , . CaF 2 , 
NdF 3 or the like) is preferred. 

20 [0069] Next, a modified example of the diffraction 

grating element 20 in accordance with the second embodiment 
will be described. In the modified example of the 

diffraction grating element 20, both or any one of the fifth 
medium 25 and sixth medium 26 is comprised of a plurality of 

25 media, which are disposed alternately in a predetermined 

direction . 
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[0070] Fig. 9 is an explanatory diagram of a 

diffraction grating element 20A in accordance with a 
modified example. Compared with the constitution of the 
above-described diffraction grating element 20, both of the 
5 fifth medium 25 and the sixth medium 26 of the diffraction 

grating element 20A of the modified example shown in the 
diagram are constituted of a plurality of media, which are 
disposed alternately in a predetermined direction. Here, 
the predetermined direction is the same direction where the 
10 second medium 22 and the third medium 23 are disposed 

alternately. 

[0071] The fifth medium 25 is constituted of a medium 

25a (index of refraction n 5a ) and a medium 25b (index of 
refraction n 5 t>) being disposed alternately at A 5 • The sixth 

15 medium 26 is constituted of a medium 26a (index of 

refraction n 6a ) and a medium 26b (index of refraction n 6 t>) 
being disposed alternately at A 6 . It is assumed that the 
ratio (duty ratio) that the medium 25a occupies the fifth 
medium 25 at period A 5 is f 5 ; and it is assumed that the 

20 ratio (duty ratio) that the medium 2 6a occupies the fifth 

medium 26 at period A 6 is f 6 . It is preferred that each of 
the period A 5 of the fifth medium 25 and the period A 6 of 
the sixth medium 26 is equal to the period A of the 
diffraction grating portion constituted of the second medium 

25 22 and the third medium 23, or, equal to the period A 

divided by an integer. Further, it is preferred that each 
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of the period A 5 of the fifth medium 25 and the period A 6 of 
the sixth medium 26 is satisfactorily smaller than the 
wavelength A of the incident light; preferably, for example, 
1/5 of the wavelength A or less. 
5 [0072] Here, the average index of refraction n 5 of the 

fifth medium 25 is expressed by the following expression: 

*s=V/s»s. 2 +0-/s)»s» 2 ""(13) 



The average index of refraction n 6 of the sixth medium 26 is 
expressed by the following expression: 

« 6 = VW+(i-y 6 k, 2 -04) 

10 

By using the average indexes of refraction n 5 and n 6 , which 
are expressed by the above expression (13) and expression 
(14), it is possible to discuss same as the above-described 
diffraction grating element 20 (Fig. 7). 

15 [0073] Next, an example of the diffraction grating 

element 20 of the modified example will be described. Fig. 
10 is an explanatory diagram of a diffraction grating 
element 20B in accordance with an example 3. In the 
diffraction grating element 20B of the example 3, the fifth 

20 medium 25 is constituted of two media 25a and 25b disposed 

alternately in a predetermined direction, and the sixth 
medium 26 is uniform. In the diffraction grating element 
20B of the example 3, the first medium 21 was constituted of 
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air (ni=l) ; the second medium 22 was formed of Ta 2 0 5 
(n 2 =2.0); the third medium 23 was constituted of air (n 3 =l); 
the fourth medium 24 was formed of silica glass (n 4 =1.45); 
in the fifth medium 25, the medium 25a was formed of silica 
5 glass (n 5a =1.45), and the medium 25b was constituted of air 

(n 5 b=l) ; and the sixth medium 2 6 was formed of A1 2 0 3 
(n 6 =1.60). The duty ratio f and f 5 were 0.66; the grating 
period A was 1.01]im; the height H of the grating was 
1.49um; the thickness h 5 of the fifth medium 25 was 0.36jjm; 

10 and the thickness h 6 of the sixth medium 26 was 0.34um. 

[0074] Fig. 11 is a graph showing the diffraction 

characteristics of the diffraction grating element 20B of 
the example 3. In the diagram, the wavelength dependence of 
the diffraction efficiency when the incident angle 6 (refer 

15 to Fig. 10) of the light is the Bragg incident angle at a 

wavelength of 1 . 55|jm is shown with respect to the TE 
polarized light and the TM polarized light, respectively. 
Each parameter was designed so that the polarization 
dependence and the wavelength dependence of the diffraction 

20 efficiency was as small as possible, and the diffraction 

efficiency was as large as possible at a waveband of 1.52)im- 
1.57|jm. As demonstrated in the diagram, in the case of the 
example 3 also, the diffraction efficiency of the TE 
polarized light and the TM polarized light were high as 95% 

25 or more, respectively, in a wide wavelength band. The 

difference of the diffraction efficiency between the TE 
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polarized light and the TM polarized light was 2% or less. 
As described above, in the diffraction grating element 20 in 
accordance with this embodiment, it is possible to improve 
the diffraction efficiency and to reduce the polarization 
5 dependence of the diffraction efficiency in a wide 

wavelength band. 

[0075] Further, in the example 3, since the second 

medium 22 and the fifth medium 25 can be subjected to the 
etching simultaneously, fabrication thereof is easy. Here, 

10 as the sixth medium 26, it is preferred to use a 

predetermined material of which etching rate is slower than 
that of the second medium 22 and the fifth medium 25 for 
fabricating thereof. Also, it is possible to subject the 
second medium 22, the fifth medium 25 and the sixth medium 

15 26 to the etching simultaneously. In such case, it is 

preferred that the etching rate of the fourth medium 24 is 
slow. 

[0076] (Third embodiment) 

[0077] Next, a third embodiment of a diffraction 

20 grating element in accordance with the present invention 

will be described. Fig. 12 is an explanatory diagram of a 
diffraction grating element 30 in accordance with the third 
embodiment. The diagram shows a section of the diffraction 
grating element 30 when the same is cut off at a plane 
25 perpendicular to the grating. The diffraction grating 

element 30 shown in the diagram comprises a first medium 31, 
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a second medium 32, a third medium 33, a fourth medium 34, 
and a fifth medium 35. 

[0078] In the diffraction grating element 30, a first 

plane Pi, a second plane P 2 and a third plane P 3 , which are 
5 parallel to each other and aligned in order, are assumed. 

Here, the first medium 31 is provided at the outer side than 
the first plane Pi (upper side in the diagram) being in 
contact with the first plane P x . Between the second plane P 2 
and the third plane P 3 , the second medium 32 and the third 

10 medium 33 are disposed alternately in a predetermined 

direction parallel to the first plane Pi being in contact 
with the second plane P 2 and the third plane P 3 to form a 
diffraction grating. The fourth medium 34 is provided at 
the outer side than the third plane P 3 (lower side in the 

15 diagram) being in contact with the third plane P 3 . The fifth 

medium 35 is formed between the first plane Pi and the second 
plane P 2 being in contact with the first plane Pi and the 
second plane P 2 . 

[0079] In the diffraction grating element 30, between 

20 the fourth medium 34 and fifth medium 35, the second medium 

32 and the third medium 33 are disposed alternately to form 
a diffraction grating. The light, which enters the 
diffraction grating from the first medium 31, passes through 
the fifth medium 35, and is diffracted at the diffraction 
25 grating portion and emitted to the fourth medium 34. Or, 

the light, which enters the diffraction grating from the 
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fourth medium 34, is diffracted at the diffraction grating 
portion, and emitted to the first medium 31 through the 
fifth medium 35. 

[0080] Each region in the second medium 32 and the 

5 third medium 33 has a rectangular section, respectively. In 

the diffraction grating portion formed with the diffraction 
grating, which is formed of the second medium 32 and the 
third medium 33 disposed alternately in a predetermined 
direction, it is assumed that the period of the diffraction 

10 grating is A; the ratio that the second medium 32 occupies 

in the period A (duty ratio) is f. It is assumed that the 
distance between the first plane Pa and the second plane P 2 
(i.e., thickness of the fifth medium 35) is h 5 . It is 
assumed that the distance between the second plane P 2 and 

15 the third plane P 3 (i.e., height of the grating) is H. It is 

assumed that the index of refraction of the first medium 31 
is ni; the index of refraction of the second- medium 32 is n 2 ; 
the index of refraction of the third medium 33 is n 3 (n 3 <n 2 ) ; 
the index of refraction of the fourth medium 34 is n 4 ; and 

20 the index of refraction of the fifth medium 35 is n 5 . 

[0081] Here, the average index of refraction n av of the 

diffraction grating portion between the second plane P 2 and 
the third plane P 3 is expressed by the above expression (1) . 
Also, the average index of refraction n av is between the 

25 index of refraction n 2 of the second medium 32 and the index 

of refraction n 3 of the third medium 33, and satisfies the 
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relational expression of the above expression (2). 
[0082] Same as the case of the second embodiment, the 

fifth medium 35 may be formed of a multi-layer film for 
reducing the reflection, or may be a film of single layer. 
5 In the case of a film of single layer, the index of 

refraction n 5 of the fifth medium 35 satisfies the above- 
described relational expression (5) . By being arranged as 
described above, in the diffraction grating element 30 in 
accordance with this embodiment, the reflection at the 

10 boundary face is reduced and the diffraction characteristics 

are prevented from being degraded. Further, it is preferred 
that the index of refraction n 5 of the fifth medium 35 
satisfies the above relational expression (7). 
[0083] Further, to reduce the reflection at the 

15 boundary face in a wide waveband, it is preferred that the 

height h 5 of the fifth medium 35 is equal to or less than the 
wavelength order. For example, 5ym or less is preferred. 
Particularly, given that the angle of the light with a 
wavelength A in the fifth medium 35 is 0 5 , it is preferred 

20 that the thickness h 5 of the fifth medium 35 satisfies the 

above relational expression (9) . Further, when the light 
enters at a Bragg angle, the above expression (9) is 
expressed by the above expression (11) . The above 

expression (11) is derived assuming Bragg incident angle. 

25 However, if not Bragg incident angle, the above expression 

is approximately applicable. 
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[0084] Same as the case of the first embodiment, it is 

preferred that the index of refraction n 4 of the fourth 
medium 34 satisfies the above expression (3) or expression 

(4). By being arranged as described above, in the 
5 diffraction grating element 30 in accordance with this 

embodiment, the reflection at the boundary face is reduced, 
and the diffraction characteristics is prevented from being 
degraded . 

[0085] In accordance with the above expressions, the 

10 index of refraction ni-n 3 and the thickness h 5 of each medium 

are determined. After that, the diffraction characteristics 
of the diffraction grating element 30 are analyzed by means 
of the RCWA. The duty ratio f, the grating period A and the 
height of the grating H are optimized by means of the 
15 optimizing technique; thereby the diffraction grating 

element 30 with satisfactory diffraction characteristics is 
designed. 

[0086] The above-description has been made assuming 

that the fifth medium 35 is a film of uniform single layer. 

20 However, the fifth medium 35 may be formed of a multi- 

layered film for reducing the reflection. In the case of 
multi-layered film, the reflection of the TE polarized light 
and the TM polarized light is controlled respectively and 
the diffraction efficiency is improved. Further, by 

25 utilizing the polarization dependence of the multi-layered 

film, the polarization dependence of the diffraction 
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efficiency can be reduced. Furthermore, it is expected that 
the high diffraction light and the evanescent wave be also 
reduced. 

[0087] Same as the modified example of the second 

5 embodiment, in this embodiment also, the fifth medium 35 may 

be formed of a plurality of media disposed alternately in a 
predetermined direction. Here, the average index of 
refraction n 5 of the fifth medium 35 is expressed by the 
above expression (13). By using the average index of 
10 refraction n 5 expressed by the above expression (13), it is 

possible to discuss same as the above-described diffraction 
grating element 30. 

[0088] Next, a production method of the diffraction 

grating element 30 in accordance with the third embodiment 

15 will be described. Same as the case of the first embodiment, 

the diffraction grating element 30 in accordance with the 
third embodiment can be fabricated by a. first production 
method, in which etching or lift-off is used; or a second 
production method using a predetermined material of which 

20 index of refraction can be changed by a radiation of an 

energy beam. It is preferred that the fourth medium 34 is 
formed of a predetermined material of which etching rate is 
slower than that of the second medium 32 and the third 
medium 33, from any one of the followings; i.e., A1 2 0 3 , MgO, 

25 Nd 2 0 3 and a fluorinated compound (A1F 3 , MgF 2 , CaF 2 , NdF 3 and 

the like) . 
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[0089] Next, an example of the diffraction grating 

element 30 in accordance with the third embodiment will be 
described. Fig. 13 is an explanatory diagram of a 
diffraction grating element 30A in accordance with an 
5 example 4. In the diffraction grating element 30A of the 

example 4, the fifth medium 35 is formed of two media 35a 
and 35b disposed alternately in a predetermined direction. 
The diffraction grating element 30A of the example 4, the 
r first medium 31 was constituted of air (n i =l) / the second 

10 medium 32 was formed of Ta 2 0 5 (n 2 =1.98), the third medium 33 

was constituted of air (n 3 =l), the fourth medium 34 was 
formed of silica glass (n 4 =1.45); in the fifth medium 35, 
the medium 35a was formed of silica glass (n 5a =l-45) / and 
the medium 35b was constituted of air (n 5b =l) . The duty 

15 ratio f and fs were 0.60, the grating period A was l.Olvuri, 

the height H of the grating was 1.45]im, and the thickness h 5 
of the fifth medium 35 was 0.33)jm. 

[0090] Fig. 14 is a graph showing the diffraction 

characteristics of the diffraction grating element 30A of 

20 the example 4. In the diagram, the wavelength dependence of 

the diffraction efficiency when the incident angle 0 (refer 
to Fig. 13) of the light is the Bragg incident angle at a 
wavelength of 1.5 5 vim is shown with respect to the TE 
polarized light and the TM polarized light, respectively. 

25 Each parameter was designed so that the polarization 

dependence and the wavelength dependence of the diffraction 
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efficiency was as small as possible, and the diffraction 
efficiency was as large as possible at a waveband of 1.52]jm- 
1.57]am. As demonstrated in the diagram, in the case of the 
example 4 also, the diffraction efficiency of the TE 
polarized light and the TM polarized light were high as 95% 
or more, respectively, in a wide wavelength band. The 
difference of the diffraction efficiency between the TE 
polarized light and the TM polarized light was 2% or less. 
As described above, in the diffraction grating element 30 in 
accordance with this embodiment, it is possible to improve 
the diffraction efficiency and to reduce the polarization 
dependence of the diffraction efficiency in a wide 
wavelength band. Further, in the example 4, since the 
second medium 32 and the fifth medium 35 can be subjected to 
the etching simultaneously, the fabrication thereof is easy. 
[0091] (Fourth embodiment) 

[0092] A fourth embodiment of a diffraction grating 

element in accordance with the present invention will be 
described. Fig. 15 is an explanatory diagram of a 
diffraction grating element 40 in accordance with the fourth 
embodiment. The diagram shows a section of the diffraction 
grating element 40 when the same is cut off at a plane 
perpendicular to the grating. The diffraction grating 
element 40 shown in this diagram comprises a base plate 41, 
a first reflection-inhibiting portion 42, a diffraction 
grating portion 43, and a second reflection-inhibiting 
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portion 44. 

[0093] In the diffraction grating element 40, provided 

on the base plate 41 is the first reflection-inhibiting 
portion 42; provided on the first reflection-inhibiting 
5 portion 42 is the diffraction grating portion 43; and 

provided on the diffraction grating portion 43 is the second 
reflection-inhibiting portion 44. The second reflection- 
inhibiting portion 44 is in contact with the first medium 45. 
In the diffraction grating portion 43, the second medium 43a 

10 and the third medium 43b are disposed alternately in a 

predetermined direction substantially parallel to the base 
plate 41; thereby a diffraction grating is formed. In the 
second reflection-inhibiting portion 44, a medium 44a is 
provided on the second medium 43a; and a medium 44b is 

15 provided on the third medium 43b. The diffraction grating 

element 40 is designed so that the reflectance is 10% or 
less. . ... . . 

[0094] In the diffraction grating element 40, the light, 

which enters the diffraction grating from the first medium 

20 45, passes through the second reflection-inhibiting portion 

44 and diffracted at the diffraction grating portion 43, and 
emitted to the base plate 41 through the first reflection- 
inhibiting portion 42. Or, the light, which enters the 
diffraction grating from the base plate 41, passes through 

25 the first reflection-inhibiting portion 42 and is diffracted 

at the diffraction grating portion 43, and emitted to the 



51 



FP03-0047-01 



first medium 45 through the second reflection-inhibiting 
portion 44. 

[0095] Here, the diffraction grating portion 43 is 

defined as below. That is, given that the direction where 
5 the second medium 43a and the third medium 43b are disposed 

alternately is the x-direction; the direction where the 
first reflection-inhibiting portion 42, the diffraction 
grating portion 43, and the second reflection-inhibiting 
portion 44 are disposed in order is the z-direction. And 

10 given that the period of the diffraction grating is A; the 

ratio that the second medium 43a makes up in the period A 
(duty ratio) is f; the length of the first reflection- 
inhibiting portion 42 in the z-direction (i.e., height of 
the first reflection-inhibiting portion 42) is h ar i; the 

15 length of the second reflection-inhibiting portion 44 in the 

z-direction (i.e., height of the second reflection- 
inhibiting portion 44) is . h Hr2 ; and the length of the 
diffraction grating portion 43 in the z-direction (i.e., 
height of the grating) is H. 

20 [0096] And given that the average index of refraction 

n av (z) is: 



If n 2 (x,z)dx 
"M-f- £ -(15) , 

the modulation of the index of refraction An (z) is: 
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An(z) 



Aj^{i 2 (x,z)-n 2 av (z)fdx 



(16) 



and 



the diffraction capacity P (zl, z2) from a position zl to a 
position z2 in the z-direction is: 



P(zl,z2)-£* An(z)dz —(17) . 



5 The diffraction grating portion 43 is defined as below; i.e., 

the diffraction capacity thereof is larger than 50% of ths 
entire diffraction capacity including the first reflection- 
inhibiting portion 42, the diffraction grating portion 43 
and the second reflection-inhibiting portion 44. Also, 

10 since the degrading of the characteristics due to the 

diffraction in the reflection-inhibiting portion is reduced, 
it is preferred that the modulation of the index of 
refraction in the diffraction grating portion 43 is larger 
than the modulation of the index of refraction in the first 

15 reflection-inhibiting portion 42 and the second reflection- 

inhibiting portion 44. Further, since the modulation of the 
index of refraction in the diffraction grating portion can 
be easily made larger, it is preferred that the maximum 
refraction in the diffraction grating portion 43 is larger 

20 than the index of refraction in the base plate 41 and the 

first medium 45. Furthermore, when the period A of the 
diffraction grating in the diffraction grating portion 43 is 
equal to or less than the wavelength of the light, the 
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reflection is not only reduced, but also diffraction of a 
high order does not occur. Accordingly, it is preferred 
that the period A of the diffraction grating in the 
diffraction grating portion 43 is 1.67 5pm or less. 
5 [0097] In the diffraction grating element 40, given 

that the base plate 41 is formed of silica glass (index of 
refraction: 1.444); the second medium 43a of the diffraction 
grating portion 43 is formed of Ta 2 0 5 (index of refraction: 
2.107); the medium 44a of the second reflection-inhibiting 

10 portion 44 is formed of Si0 2 ; and the first medium 45, the 

third medium 43b and the medium 44b are constituted of air 
(index of refraction: 1), f and H of the diffraction grating 
portion 43 are designed by means of the RCWA; and h arl and 
h ar 2 of the reflection-inhibiting portions are designed by 

15 means of an analysis based on an equivalent model, which 

will be described below. 

[0098] The analysis based on the equivalent model is a 

method as described below. That is, given that the first 
reflection-inhibiting portion 42, the diffraction grating 

20 portion 43 and the second reflection-inhibiting portion 44 

is formed of a single layer film respectively, and each of 
them has an average index of refraction of the medium 
included therein; and given that the phase change of the 
light by the diffraction in the diffraction grating portion 

25 43 is 90°, and replacing the diffraction grating element 40 

with a multi-layer film, the diffraction efficiency of the 
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first-order transmission and the diffraction efficiency of 
the zero-order reflection are analyzed. The transmittance 
and the reflectance of the multi-layer film are equivalent 
to the first-order transmission diffraction efficiency and 
5 the zero-order reflection diffraction efficiency in the 

diffraction grating element 40 respectively. Accordingly, 
by using the equivalent model, the designing theory of the 
multi-layer film, which is represented by an optical filter, 
becomes applicable; thus, the reducing design of the zero- 

10 order reflection diffraction efficiency in the diffraction 

grating element 40 can be made easily. Finally, a fine 
adjustment of the designs of f, H, h ar i and h ar2 is preferably 
made on the entire diffraction grating element 40 using the 
RCWA, which has high accuracy in analysis. 

15 [0099] Fig. 16 is a graph showing the characteristics 

of the zero-order reflection diffraction efficiency of the 
diffraction grating element in accordance with the fourth 
embodiment and the zero-order reflection diffraction 
efficiency of the above-described equivalent model. The 

20 graph shows the characteristics of the zero-order reflection 

diffraction efficiency of the diffraction grating element 40 
which is actually fabricated and the above-described 
equivalent model under the conditions that period A=1.0pm, 
f=0.579, H=1.164ym,- h ar2 =0 . 252ym, h ar i=-0 . 2pm, the waveband of 

25 the light is 1550nm band (C band) and the incident angle 0 

of the light is 50.58°. Here, h ari is a minus value. The 
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absolute value thereof represents the thickness of the first 
reflection-inhibiting portion; the sign represents the 
structure of the reflection-inhibiting portion as described 
later. In Fig. 16, the characteristics indicated with the 
5 solid line represents a result of analysis of the 

diffraction grating element 40, which was actually 
fabricated; and the characteristics indicated with the 
broken line represents a result of analysis using the above- 
described equivalent model. As is demonstrated in the graph, 

10 although a minute difference is found in the central 

wavelength, according to the designing method using the 
equivalent model, precise characteristics of the diffraction 
grating element 40 of the embodiment can be obtained. 
[0100] The diffraction grating element 40 is designed 

15 by optimizing f, H, h ari and h ar 2 by applying the designing 

method in which the above-described equivalent model is used. 
In this design, under such conditions that the waveband of 
the light is 1550nm band (C band) and the incident angle 6 
of the light is 50.58°, the optimization is made in a range 

20 of hari from -0.5]jm to 0 . 3|im (O.liom interval) . 

[0101] Here, when the h ari is a positive number, the 

following fact is indicated; i.e., that the first 
reflection-inhibiting portion 42 is formed of the same 
medium as the medium 43a of the diffraction grating portion 

25 43. Also, when the h ar i is a minus number, the following fact 

is indicated; i.e., the first reflection-inhibiting portion 
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42 is formed of the same medium as the medium of the base 
plate 41. Fig. 17 is an explanatory diagram of a 
diffraction grating element 40A in accordance with an 
example 5. Fig. 18 is an explanatory diagram of a 
5 diffraction grating element 40B in accordance with an 

example 6. Both of Fig. 17 and Fig. 18 show a section of 
the diffraction grating element taken away at a plane 
perpendicular to the grating, respectively. 

[01G2] The diffraction grating element * 40A is an 

10 example of the diffraction grating element 40 of the fourth 

embodiment when h ar i is a plus number. The diffraction 
grating element 40B is an example of the diffraction grating 
element 4 0 of the fourth embodiment when h ar i is a minus 
number. The diffraction grating element 40A is fabricated 

15 by carrying out an etching on the second medium 43a, which 

is formed all over the surface of the base plate 41, and the 
etching is terminated before reaching the base plate 41. 
Accordingly, the same medium as the second medium 43a forms 
the first reflection-inhibiting portion 42. 

20 [0103] On the other hand, the diffraction grating 

element 40B is an example of the diffraction grating element 
4 0 of the fourth embodiment when h ar i is a minus number. The 
diffraction grating element 40B is fabricated by, for 
example, carrying out an etching on the second medium 43a, 

25 which is formed all over the surface of the base plate 41, 

and the etching is carried out until a part of the base 
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plate 41 is etched. Accordingly, the diffraction grating 
element 40B is constituted of the medium 42a and the medium 
42b formed alternately; the medium 42a is the same medium as 
that of the base plate 41, and the medium 42b is constituted 
5 of air. 

[0104] The results of the above optimization are shown 

in the table 1 and Fig. 19-Fig. 21. 
Table 1 





h ar1 ( V m) 


f 


H(//m) 


h ar2 (//m) 


Aspect 
ratio 


Minimum 
diffraction 
efficiency(%) 


Maximum 
diffraction 
efficiency(%) 


1 


-0.500 


0.580 


1.119 


0.241 


4.43 


95.4 


96.6 


2 


-0.400 


0.587 


1.115 


0.267 


4.31 


96.7 


97.7 


3 


-0.300 


0.581 


1.141 


0.256 


4.05 


97.6 


98.6 


4 


-0.200 


0.579 


1.164 


0.252 


3.84 


98.0 


99.2 I 


5 


-0.100 


0.649 


1.293 


0.423 


5.17 


96.7 


97.4 


6 


0.000 


0.656 


1.308 


0.408 


4.99 


96.5 


97.2 


7 


0.100 


0.576 


1.213 


0.412 


3.84 


93.1 


93.7 


8 


0.200 


0.644 


1.256 


0.288 


4.34 


90.3 


91.5 


9 


0.300 


0.590 


1.238 


0.316 


3.79 


94.9 


95.6 



10 [0105] Fig. 19 is a graph showing the diffraction 

efficiency of the diffraction grating . element in accordance 
with the fourth embodiment. Fig. 19 shows the plotted 
minimum diffraction efficiency and the maximum diffraction 
efficiency, which are listed in the table 1. Here, the 

15 wording maximum diffraction efficiency and minimum 

diffraction efficiency means the maximum diffraction 
efficiency and the minimum diffraction efficiency in the C 
band including the TE polarized light and the TM polarized 
light. According to the table 1 and Fig. 19, it is 

20 demonstrated that the diffraction grating element 40 has the 
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diffraction efficiency of 90% or more, and the polarization 
dependence thereof is small. In the first-third embodiments, 
an AR layer is formed on the diffraction grating portion 
which is formed of the second medium and third medium. That 
5 is, a layer for absorbing difference of the index of 

refraction between the medium, which is on the outside of 
the diffraction grating portion, and the diffraction grating 
portion is formed; and thereby reflected light is prevented 
* from returning. Contrary to this, the reflection-inhibiting 

10 portion of the diffraction grating element 40 has the 

average index of refraction of which conditions are 
different from those of the AR layer in the first-third 
embodiments. However, the AR layer between the base plate 
41 and the first medium 45 is constituted of a multi-layer 

15 film including the first reflection-inhibiting portion 42, 

the diffraction grating portion 43 and the second 
reflection-inhibiting- portion 44; thereby the entire 
reflection in the diffraction grating element 40 is 
controlled. 

20 [0106] Fig. 20 is a graph showing the aspect ratio of 

the diffraction grating portion in the diffraction grating 
element in accordance with the fourth embodiment. According 
to Fig. 20, when h ar i is -0.2]jm or O.ljjm, since the aspect 
ratio is particularly small, it is understood that the 

25 diffraction grating portion 43 can be formed easily. 

[0107] Fig. 21 is a graph showing the tolerance of 
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groove depth of the diffraction grating element in 
accordance with the fourth embodiment. Here, the wording 
"tolerance of groove depth" means a tolerance of changes of 
h ari when the changes of the diffraction efficiency allowed 
by 1%; i.e., an error of groove depth. According to Fig. 21, 
when h ari is approximately -0.2ym, tolerance of the error of 
groove depth is large. Accordingly, it is understood that 
the diffraction grating element 40 can be fabricated easily. 
[0108] (Modified example) 

[0109] The present invention is not limited to the 

above-described embodiments, but a variety of modifications 
are conceivable. For example, in each of the above 
embodiments, the configuration of the section of each region 
in the second medium and the third medium, which constitute 
the diffraction grating portion, is a rectangle. However 
the configuration is not always required to be rectangle, 
but, for example, the configuration may be a trapezoid. In 
the above-described examples, the duty ratio f, f 5 and f 6 are 
equal' to each other. They may be different from each other. 
If so, the diffraction characteristics can be further 
increased. Further, in the diffraction grating element of 
each embodiment, the light may enter from the first medium 
side, or the light may enter from the fourth medium side. 

[0110] Furthermore, in the above-described embodiments, 

the second medium and the third medium are disposed 
alternately being in contact with each other to form the 
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diffraction grating portion. However, a different medium 
may be provided between the second medium and the third 
medium. Such example of modification mode will be described 
taking the diffraction grating element 30A in accordance 
5 with the example of the third embodiment as an example. Fig. 

22 is an explanatory diagram of a diffraction grating 
element 30B in accordance with a mode of modification. Fig. 
22 shows a section of the diffraction grating element, which 
is cut off at a plane perpendicular to the grating. The 

10 diffraction grating element 30B shown in Fig. 22 has the 

same constitution as that of the diffraction grating element 
30A; but between the second medium 32 and the third medium 
33, a medium 36 is formed. For example, in the case where 
the medium 35a is formed of Si0 2 , and when a process for 

15 adhering Si0 2 while etching the second medium 32 is 

introduced . in order to supplement defects on side walls of 
the medium 35a due to. -the etching, a diffraction grating 
element 30B in which the medium 36 is formed of Si0 2 is 
fabricated. Also, in the case where the medium 32 is formed 

20 of Ta 2 0 5 , and when a process for adhering Ta 2 0 5 while etching 

the second medium 32 is introduced in order to supplement 
defects on side walls of the medium 32 due to the etching, a 
diffraction grating element 30B in which the medium 36 is 
formed of Ta 2 0 5 is fabricated. 

25 [0111] Each example is designed based on the waveband 

of 1 . 5)jm-l . 6\im, but is not limited thereto. In the 
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designing of the diffraction grating, the law of similitude 
is applicable. Accordingly, for example, when altering the 
central wavelength from 1.55pm to 1.3|am, the alteration is 
achieved only by multiplying every designing parameter 
(period and thickness) having a unit of length by 1.3/1.55. 
As described above, the diffraction grating having a central 
wavelength within a waveband of 1 . 2 6]am-l . 675pm, which is 
used in the optical communication, can be designed easily. 
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